ABSTRACT: Here we report enrichment from a marine-derived inoculum of a nonphotosynthetic electroactive biofilm that is capable of both consuming electricity (electrotrophy) and producing electricity (electrogenesis) from a single electrode. With the alternation of the electrode potential between −0.4 and 0.0 V SHE every 10 min, alternating anodic and cathodic currents increased in lock step (maximum current density of ±1.4 ± 0.4 A/m 2 in both modes, Coulombic efficiency of ∼98% per charge−discharge cycle), which is consistent with alternating between generation and consumption of energy storage compounds by the biofilm. Cyclic voltammetry exhibited a single sigmoid-shaped feature spanning anodic and cathodic limiting currents centered at −0.15 V SHE , a phenomenon not observed to date for an electroactive biofilm, and square wave voltammetry exhibited reversible peaks at −0.15 and −0.05 V SHE , suggesting the same redox cofactor(s) facilitates electron transport at the biofilm−electrode interface in both modes. Hydrogen and carbon monoxide, known energy and/or carbon sources for cellular metabolism, but no volatile fatty acids, were detected in reactors. Cells and cell clusters were spread across the electrode surface, as seen by confocal microscopy. These results suggest that a single microbial electrochemical biofilm can alternate between storing energy and generating power, furthering the potential applicability of bioelectrochemical systems.
■ INTRODUCTION
Bioelectrochemical systems (BESs) are a biotechnological platform developed around utilizing microorganisms as electrode catalysts. BESs hold promise as an alternative strategy for energy generation and storage because, unlike conventional (abiotic) catalysts, microbes self-assemble using abundant resources for maintenance and growth (organic carbon, CO 2 , water, etc.), self-regenerate, thrive under a wide range of conditions, and can potentially be altered genetically to catalyze specified reactions that abiotic catalysts cannot.
Biofilms harboring electroactive microorganisms on the electrodes of BESs are able to catalyze a variety of processes governed by their environment, the electrochemical potential of the electrode, and the metabolic potential of the community members, resulting in catalytic flexibility of BESs in converting between different forms of energy. 1−3 To date, electroactive biofilms are most commonly applied in microbial fuel cells (MFCs), 4−6 which convert chemical energy into electrical energy (electrogenesis) by donating electrons liberated from the microbial oxidation of organics to an anode (an electrode operated at a relatively oxidizing potential), and microbial electrosynthesis systems (MESs), which convert electrical energy into chemical energy (electrotrophy) using electrons donated from a cathode (an electrode operated at a relatively reducing potential) for microbial fixation of carbon dioxide to organic compounds. 1, 7 The vast majority of BES-related studies have focused on enriching an electroactive microbial community that functions as either a cathode or anode catalyst, although temporary bidirectional currents were observed in systems that utilize polarity reversal to overcome pH limitations. 8−10 In other studies, a mature biofilm was grown on an anode before switching to cathodic operation permanently to test electrotrophic properties of traditionally anodic organisms. 11−13 Recently, a MES and MFC were hydraulically coupled into a microbial rechargeable battery, 14 although each functionality was maintained on separate electrodes.
To date, enduring bifunctional microbial bioelectrodes have been observed only in phototrophic systems, where anodic current results from consumption of photosynthetic end products (oxygen and fixed carbon). 15−17 In these systems, reduction of oxygen produced by phototrophic microorganisms during carbon fixation, which occurs only during illumination, generated cathodic currents. In the dark, anodic currents were observed because of the microbial oxidation of fixed carbon after oxygen depletion. Accordingly, significant anodic currents were produced only in the dark and cathodic currents only in the light. 16 Additionally, these photosynthetic systems were limited by relatively low current densities (0.01−0.08 A/m 2 ). Here, we demonstrate enrichment of a nonphotosynthetic electroactive biofilm capable of alternating between power generation and energy storage on a single electrode by repeatedly switching the electrode potential between −0.4 V SHE , where it acts a cathode, and 0.0 V SHE , where it acts as an anode. The current densities in each mode observed here (±1.4 ± 0.4 A/m 2 ) are comparable to what is observed for microbial biocathodic 18, 19 and bioanodic 20, 21 systems using cloth or planar electrodes, and an order of magnitude higher than those of photosynthetic bifunctional electrodes. 16 These results indicate the feasibility of producing a self-sustaining BES biofilm capable of energy conversion and storage.
■ MATERIALS AND METHODS
Reactor Setup. Two-chambered reactors (triplicate) were set up as previously described, 12 except that a cation exchange membrane (CMI-7000, Membranes International) was used. The volume of each chamber was 180 mL (120 mL of medium, 60 mL of headspace). The working electrode was fabricated by attaching a titanium wire to a piece of HCl-treated carbon cloth (5 cm × 5 cm) with a titanium nut and bolt. The counter electrode was platinum mesh attached to a titanium wire, and the reference electrode was Ag/AgCl [3 M NaCl; +210 mV vs the standard hydrogen electrode (SHE)]. All potentials reported here are in reference to the SHE. The reactors were stirred at 150 rpm, not temperature controlled, and covered to exclude light. The reactors were autoclaved and then filled with anaerobic artificial seawater medium (ASW), prepared as previously described, 22 except the medium was sparged with an 80%/20% N 2 /CO 2 mix for 25 min to remove oxygen. Reactors were filled in an anaerobic glovebox (COY Laboratories) and then flushed with an 80%/20% N 2 /CO 2 gas mix. The initial pH was 6.3.
Reactor Inoculation and Operation. Electrochemical characterization of the working electrodes was performed by cyclic voltammetry (CV) and square wave voltammetry (SWV) before and after each medium exchange using a multichannel potentiostat (VMP3, BioLogic). Potentials were scanned between −0.45 and 0.6 V SHE at 1 mV/s during CV. SWV was conducted over the same potential range with a 25 mV pulse height, a 250 ms pulse width, and a 0.5 mV step size.
After background electrochemical characterization, an inoculum was obtained from the anode of a sediment-based BES operated for ∼2 years with a power supply stepped between 0.3 and 0.9 V (cell voltage) every 6 h (see the Supporting Information for details). Fibers from the sediment bottlebrush electrode were removed and placed into three tubes containing ASW. The tubes were sonicated, and 20 mL was inoculated into triplicate reactors. Acetate was added to the inoculum (5 mM) and during the first medium exchange (1 mM) to stimulate electroactive microorganisms but was not used in any subsequent exchanges or progeny reactors. The potentials of the working electrodes were stepped between 0.0 and −0.4 V for 10 min each, and current data were collected over time. The potential used during cathodic operation here (−0.4 V) is considerably more positive than that often used for acetate production in MESs (−0.6 to −1 V 7,18,23,24 ) reliant on electrode-generated H 2 as an electron transfer mediator, but lower than the potential (0.3 V) used for aerobic electroautotrophic cathodic enrichments not dependent on H 2 . 22, 25, 26 Killed controls were achieved by exchanging the medium of one reactor with oxygen-saturated medium and by removing the reference electrode lead from another reactor during operation, inducing a large current in the working electrode. To assess the reproducibility and transferability of the system, three progeny reactors were inoculated with 10 mL of solution immediately surrounding the working electrode of the viable parent reactor after the maximum current was achieved. Medium exchanges took place periodically in a glovebox. The reactor headspace was not continuously flushed.
Calculations. Chronoamperometry data exhibited an initial transient current spike immediately after each potential change followed by a relatively steady current output for the remainder of the 10 min period. The current spike (observed in all reactors) is attributed to capacitance charging (exponential current decay with time, ∼0.3 s) and is excluded from the data analysis. The steady state current was separated and averaged using an Excel-based macro to enable better visualization of the system performance.
Coulombic efficiency, defined as the ratio of charge produced at the electrode during anodic operation to the charge consumed at the electrode during cathodic operation, was calculated by integrating the steady state current over time for each cycle. We should note the possibility that some charge transfer may be masked by the capacitive transient current spikes, and its exclusion is a potential source of error in our Coulombic efficiency.
Chemical Analysis. The headspace gas composition was regularly monitored by injecting a 250 μL sample into a gas chromatograph (Peak Laboratories) equipped with TCD (hydrogen and methane detection) and RCP (hydrogen and carbon monoxide detection) detectors. Ultra-high-purity (>99.999%) nitrogen was used as the carrier gas.
Before the reactor medium was exchanged, a sample was taken, filtered into sterile tubes, and stored at −20°C for further analysis. Samples were then thawed, and 25 μL was injected into a high-performance liquid chromatograph (Agilent) equipped with a diode array detector to detect and quantify volatile fatty acids.
Microscopy. The biofilm coverage of the electrode was qualitatively assessed using confocal laser scanning microscopy using similar methods as previously described. 19 Pieces (1 cm × 1 cm) of the carbon cloth electrode were removed using a sterile razor blade and tweezers in an anaerobic chamber, stained with LIVE/DEAD BacLight stain (ThermoFisher) diluted in 1× phosphate-buffered saline, gently washed by serial medium exchange, and mounted in a chambered cover slide. At least five sections of each surface were imaged using a Nikon A1RSi confocal microscope.
■ RESULTS AND DISCUSSION
Development of a Nonphotosynthetic Bifunctional Electroactive Biofilm. A bifunctional electroactive biofilm was developed on a carbon cloth electrode by repeatedly switching the electrode potential between −0.4 and 0.0 V SHE every 10 min ( Figure 1A) . Alternating anodic and cathodic currents that increased in lock step began 150 days after inoculation. Zero and 20 days after inoculation, 5 and 1 mM acetate was added to three replicate reactors (ASW medium) as a carbon and electron source to stimulate biofilm growth, resulting in unsustained anodic current (peaks labeled 1 and 2). At approximately 45 days, the onset of anodic and cathodic Here, each point represents the ratio of the charge produced as an anode to the charge consumed as a cathode during each 20 min period. It should be noted that significant current was not produced until approximately day 50. Accordingly, CE data obtained prior to day 50 are difficult to interpret. After day 50, the bulk of the noise occurs when the medium was exchanged in the reactors. (B) Net change in charge over the duration of the experiment. Charge consumed as a cathode was subtracted from the charge produced as an anode resulting in a net imbalance of charge skewed toward the cathodic reaction (depicted as negative here). We should note that the overall net change in charge is small compared to the total charge passed through the system over the duration of the experiment (6250 ± 750 C as an anode and 6300 ± 800 C as a cathode). (C and D) Confocal laser scanning microscope images of the biofilm on the electrode surface treated with Live/Dead stain taken with 10× and 60× objectives, respectively. The green fluorescence indicates an intact cell membrane. Figure S1 )] occurred without additional acetate (labeled 3), providing the first evidence of bifunctionality. During a medium exchange at 60 days (fresh ASW medium, no acetate), two of the reactors were sacrificed for killed controls (see Materials and Methods). Current production ceased, indicating that the observed bidirectional currents were likely due to biological activity. The remaining operational reactor [parent 3 ( Figure 1A) ] began to produce significant alternating anodic and cathodic current 20 days after the medium exchange, and an exponential increase in current began after 50 days (150 days total after inoculation). The long lag time is consistent with the involvement of slow-growing autotrophic microorganisms, which would contribute to the cathodic current (energy storage) if electrons supplied by the electrode were used to fix carbon dioxide to organic compounds, 19 enabling subsequent anodic current (electricity generation) if electrons passed to the electrode resulted from the oxidation of the same organic compounds. These results demonstrate for the first time an electroactive biofilm that is adept at using an electrode as an electron donor and acceptor.
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To verify that the bifunctional biofilm enrichment was reproducible and transferrable, three new reactors containing carbon cloth electrodes were inoculated from the parent 3 bifunctional electrode after it had reached a maximum current density of ±1 A/m 2 . Alternating anodic and cathodic currents developed in all three progeny reactors in much less time than in the parent reactor (∼50 days, no acetate), consistent with enrichment, to a maximum of ±1.4 ± 0.4 A/m 2 . Currents began to decrease after 100 days, possibly because of pH inhibition (pH 3.0), but recovered after medium exchange ( Figure 1B) . Current densities from the bifunctional electrode are on the same order of magnitude as those previously observed in other microbial biocathodes 18, 19 and bioanodes 20, 21 using cloth or planar electrodes. Electrochemical Characteristics. Cyclic voltammograms ( Figure 1C ) exhibited a single sigmoidal curve centered at −0.15 V SHE with stable anodic and cathodic limiting current densities equal to those observed during chronoamperometry. 27, 28 Such bifunctionality in a single CV has not been previously observed for an electroactive biofilm and suggests that the same redox cofactor(s) or redox cofactors with similar formal potentials mediate heterogeneous electron transfer across the biofilm−electrode interface when the electrode is operated as an anode and a cathode. The electrode also exhibited major reversible redox peaks at −0.15 V SHE and shoulder peaks at −0.05 V SHE , indicated by SWV ( Figure 1D ), close to the midpoint potentials of distinct putative electron transport pathways of Geobacter sulfurreducens, 29 a potential member of the enriched biofilm due to the source of its original inoculum (marine sediment). All replicates had redox peaks with similar peak potentials and magnitudes, suggesting a functionally similar community in each reactor.
The stable current density produced by the bifunctional enrichments during anodic operation closely mirrored the stable current density consumed during cathodic operation throughout the experiment, yielding an overall Coulombic efficiency (CE) of 98 ± 0.4% based on the ratio of anodic to cathodic charge per charge−discharge cycle ( Figure 2A) . As current density increased over time, the cathodic charge produced slightly outpaced the anodic charge ( Figure 2B ), indicating an imbalance in the processes occurring in the system. However, the total charge returned toward zero (generated minus consumed) when the current density decreased, which suggests that product formation outpaced consumption, resulting in accumulation. Alternatively, the imbalance may be due to formation of multiple products, with some that are consumed more readily by putative electrogenic microorganisms. These results suggest that a single BES community can be used to interconvert between energy storage and power generation at rates comparable to those achieved by electroactive biofilms able to catalyze only one process or the other.
Energy Storage Compounds. On the basis of chronoamperometry ( Figure 1A ,B) and cyclic voltammetry ( Figure  1C) , we hypothesize that the anodic current is enabled by microbial oxidation of energy-rich compounds generated by cathodic reactions. The reactor headspace and medium were analyzed in an attempt to identify typical MES metabolites and gain insights into potential processes occurring. Hydrogen and carbon monoxide were detected in reactor headspaces throughout the experiment ( Figure S2 ) using gas chromatography. Methane was detected in all parent reactors, but only transiently in one progeny reactor. The steady concentration of hydrogen and carbon monoxide was significantly lower in the headspace of the progeny reactors [∼10 ppm of H 2 and ∼0.5 ppm of CO ( Figure S2) ] than in the parent reactors [∼50 ppm of H 2 and ∼4 ppm of CO ( Figure S2 )] and the abiotic control [∼100 ppm of H 2 and ∼15 ppm of CO ( Figure S2) ], suggesting that these compounds were charge carriers in the system. Hydrogen is a known charge carrier in MESs 30 whose formation is enhanced by cells and enzymes. 31−34 We also consistently detected CO, an electron donor and/or carbon source for many anaerobic metabolic processes, 35, 36 including electrogenesis, 37 suggesting it is a charge carrier in this system. While hydrogen and CO can serve as mediators for synthesis of organic compounds, some microorganisms 19, 25 and extracellular enzymes 12,31,38−40 can directly accept electrons from solid electron donors for H 2 or CO formation. Carbon monoxide can also be produced as a byproduct of incomplete microbial oxidation of organic compounds. 41 No volatile fatty acids (formate, acetate, propionate, or butyrate) were detected in the progeny reactors, as evidenced by high-performance liquid chromatography (HPLC) analysis. This may indicate the production of a compound that cannot be detected using these HPLC conditions. Alternatively, the efficient utilization of the compound(s) produced by the microbial community over the short cycle duration may have prevented accumulation of the product in the reactor. Although we were unable to detect reduced carbon compounds in the reactor, the system could theoretically support ∼10 8 acetogens (see the Supporting Information for calculations), 42 ,43 a plausible CO 2 -fixation process occurring under these conditions. The lag in bidirectional current production supports the notion that electrogenesis is dependent on reduced carbon produced by slowgrowing autotrophic organisms. The high CE, sigmoidal CV that spans anodic and cathodic limiting currents, and lock step increase in anodic and cathodic currents may also indicate a prominent role of surface-bound redox enzymes as anodic and cathodic catalysts, as previously described. 12, 31, 32, 40 Charge storage in biofilms may also occur, 44, 45 but this alone cannot explain the observed biofilm growth, which requires CO 2 fixation. Follow-up experiments are necessary to identify direct electron transport mechanisms and other potential charge carriers in addition to the ones suggested here. Microscopy. Cells were observed across the surface of the electrodes analyzed by confocal laser scanning microscopy ( Figure 2) . A majority of cell membranes were intact, indicated by the Live/Dead stained samples, and cells were present as small clusters and single cells with larger clusters interspersed across the electrode surface. The extent of cellular coverage of the electrode surface is significantly lower than what is observed in typical anodic biofilms but is similar to those of previously imaged electroautotrophic biofilms. 19 The relatively sparse surface coverage suggests that improvements to the system can be made to increase performance.
The results presented here support the notion that biological activity is responsible for the bidirectional current. At this time, the organism(s) responsible, the biomolecular machinery, and additional electron storage compounds have yet to be identified. Mechanisms underpinning the production of energetic compounds have not been elucidated as no correlation could be made between the electrochemical performance and the presence of any of the compounds assayed. It is also unknown if a single microorganism is responsible for bidirectional currents or if multiple microorganisms or extracellular enzymes 31 are involved. A community analysis and comparative transcriptional analysis are currently underway, which may yield additional insights.
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